Introduction
Fractures of the proximal humerus make up 4-5% of all fractures with an increasing incidence. To date the therapeutic gold standard is adequate anatomical reduction with early passive and active rehabilitation focussing on the maintenance of the glenohumeral joint function. Despite optimised operative concepts the published complication rate remains high at 20-76% [9, 14, 16] .
The most frequent complications such as osteosynthesis failure, secondary dislocation and head necrosis are correlated to fracture morphology and implant failure [4] . During the last decade a series of new implants have been developed; in particular, locking plates and nail systems with different designs have been introduced. The first generation of fixed angle systems comprised monoaxial head locking systems that have been studied clinically for about ten years [7] . The systems allow fixed angle locking of screws through fine threads in head and plate in a unidirectional sense. The first clinical studies have shown encouraging results, but at the same time, not all problems in the treatment of the humeral fracture have been solved [3, 11] .
In response to the different fracture morphology, frequent bone defects and differing bone structures, the systems have been further developed to allow polyaxial locking by new locking systems.
An important innovation will allow control of grip and direction of the screw for the surgeon. Furthermore, the classical compression technique can be combined with the fixed angle locking system. The resulting hybrid technique allows conventional screw implantation as a lag-screw while the surgeon can sense the bone quality and may change the screw direction, finally locking the screw by a cap. This new generation of fixed angle plate systems has been clinically applied in recent years. Concomitant study work has proved both efficacy and low complication rates of these systems [12] .
Morbidity is another important issue under discussion. Particularly nail systems for the proximal humerus, with convincing biomechanical characteristics, may be well inserted minimally invasively, but can lead to considerable damage of the rotator cuff at the point of insertion [1] . As a modification of the minimally invasive approach, the deltasplit has been increasingly used for humeral head reduction. The disadvantage nail the nail and the head locking systems is the impossibility of reducing the fragments. The latter represents the main advantage of the polyaxial hybrid systems that allow indirect fragment reduction at the plate by conventional compression technique with lag-screws that are locked at a fixed angle.
Our study analyses the biomechanical characteristics of these new systems in comparison to the head locking systems. Varying design and width of plates and screws and differing locking mechanisms complicate the analysis. Therefore the resulting plate/screw system had to be similar in order to allow testing both primary stability and elasticity of the bone implant interface with respect to biomechanical strength.
After proving the biomechanical comparability, the postulated clinical benefits of the new systems may be verified.
Methods
For this study nine pairs of formalin fixed cadaver humera were used. The specimens were all examined for integrity in order to exclude damage by pre-existing fractures or operations. All were cleaned, X-rayed and randomised. After truncating to a length of 25 cm from the head they were embedded at 90 degrees to horizontal level. As a fracture model an unstable subcapital humeral fracture was simulated (A3 in the AO classification). A standardised medial wedge osteotomy was performed with 10-mm defect zone and intact lateral contact.
Subsequently, the osteosynthesis on the randomised specimen was performed according to the protocol. The study surgeon implanted nine PHILOS plates (Synthes) as head locking systems in group A. The same number of NCB (non contact bridging) plates (Zimmer) were implanted with polyaxial fixed angle screws. In both groups three bicortical screws were locked with torsional moment to fix the shaft fragment. The head fragment received nine fixed angle screws in the PHILOS and five in the NCB group. The results were documented by X-ray and photography (Fig. 1) .
The tests were performed using a series 5566 material testing machine by Instron (Instron Corporation, 825 University Avenue, Norwood, MA 02062-2643 USA). Cyclic stress tests with a frequency of 1 Hz were conducted. The test sequence started with 90 N, 180 N and 450 N in 200 cycles each. Subsequently a continuous stress of 450 N in 2,000 cycles was applied.
The fracture tests were performed on the intact specimen with a pressure increase of 1 N/s until breakup. Breakup criteria were sudden pressure drop of more than 30% or pressure deformation of more than 30 mm. For data
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Corresponding photo in the material testing machine Fig. 1 X-ray of a PHILOS-plate prior to testing acquisition the company-owned software Bluehill II of the series 5500 was used. One hundred data per second were recorded. Synchronously, all tests were photographed by a Direct X Webcam. Data recorded were traverse path (in mm), force (in Newton), time (in seconds), and pressure deformation as well as plastic deformation as a measure for the irreversible deformation under the influence of forces.
Data were analysed using standardised statistical software (Statistical Package for Social Science [SPSS]; SPSS Inc., Chicago, IL, version 17.0). As tests for significance, the t-test for paired samples as well as the variance analysis ANOVA were applied. The level of significance was set at p<0.05.
Results of cyclic tests
The first tests applying a relatively low pressure (90 N) were performed in order to compress the specimen and avoid further deformation by minimal force in later test sequences. In all tests for each specimen the pressure deformation over time was graphically demonstrated and analysed. The relevant biomechanical index value, i.e. the plastic deformation as a measure of the irreversible deformation, was recorded by the software using the maximum value in the last cycle. The average plastic deformation as a measure under 90 N was 1.02 mm in group A and amounted to 1.25 mm in group B (Fig. 2) . The difference was not statistically significant (p=0.31). Both the slightest (0.33 mm) and the greatest (2.42 mm) deformation occurred in group B.
With doubled force of 180 N the resulting average plastic deformation was 0.23 mm in group A and 0.39 mm in group B (Fig. 3) . Once again the difference was not statistically significant (p=0.179), while the quantitative additional deformation was less than in the first 90 N test. A greater number of outliers mostly tending upwards were detected in group B.
By increasing the force to 450 N the irreversible deformation amounted to 0.72 mm in group A and 0.92 mm in group B ( Table 1 ). The slightest deformation (0.09 mm) as well as the greatest (3.27 mm) this time resulted in group A. Significance level was p=0.53.
No probe failure according to the breakup criteria was observed in any of the tests. No cut-out of the screws or loosening of the plates was noticed.
Results of continuous stress test
The test sequence was complemented by a continuous stress test that comprised 2,000 cycles with axial pressure of 450 N simulating complications such as implant failure, cut-out or loosening. The testing procedure was maintained as well as the frequency, only increasing the number of cycles. Despite a maximum pressure deformation of 5.37 mm the degree of plastic deformation in group A was only 0.49 mm on average. In group B maximum deformation was 3.65 mm with an average plastic deformation of 0.63 mm. The differences did not reach statistical significance (p=0.32). The differences between the pairs were measurable while outliers were not found (Fig. 4) . Again, in the 2,000 cycles test there was no probe failure. 
Results of crash test
The crash test was performed increasing the force by 1 N per second until breakup criteria were reached. Breakup criteria were defined as sudden pressure drop of more than 30% or the preceding value of a total deformation of more than 30 mm. Also included were implant failure and screw cut-out. Pressure force per time and pressure force per pressure deformation were graphically demonstrated for each specimen (Fig. 5) . In both groups in three of the specimens a cutout of the screws through the head occurred. The medial support was reached three times in group A and twice in group B. This phenomenon simulates the combination of slow screw tearing from and cutting-out through the head.
Angular stability was retained in all 18 specimens. No screw fracture was observed. The shaft fractured four times in group B and once in group A. This difference may be caused by the different width of the screws being 3.5 mm in group B and 4.5 mm in group A.
The average pressure deformation on reaching the breakup criteria was 9.78 mm in group A and 9.04 mm in group B. Individual specimens showed extreme values up to 14 mm in group B, eventually indicating the elastic component of the locking mechanism of the polyaxial screw system. The pressure forces when reaching the breakup criteria were 1,430 N in group A and 1,467 N in group B. None of the data showed statistical differences between the groups. The boxplot analysis showed similar results for failure ( Fig. 6 ) with two specimens tolerating greater pressures of 2,000 and 2,500 N, while the samples were comparable.
Discussion
The goal of any surgical reduction of proximal humeral fractures is the anatomical reduction and functional resto- Fig . 6 Boxplot analysis of maximum pressure force at breakup for both groups. The box shows the area of the middle 50% of the data. The horizontal line in the box represents the median while the whiskers reach out to the minimum and maximum values ration of the shoulder joint. This chore is particularly demanding when operating on geriatric patients with poor bone quality due to osteoporosis [10, 15] . A possible modern solution is offered by the newest generation of systems with angular stability. The design, together with the locking mechanism, allows implantation of this plate fixator as a hybrid system [2] . Screws may be inserted as lag screws, may be used for compression and indirect reduction and may anytime during the operation be locked at a fixed angle [13] . These advantages, in comparison to the head locking screws, are at the expense of thicker plates and fewer screws in the head fragment. Despite bigger screw holes the plates proved to be better in biomechanical fatigue testing as shown by Kuster et al., whilst developing the system. Fixed angle systems have been in clinical use for about ten years now. The benefits, as well as remaining problems, have been identified in clinical studies [18, 19] . Comparative clinical and biomechanical studies to differentiate between the different systems have not been performed. Our biomechanical test sequence found the polyaxial locking technique using fewer and thicker screws equally effective as the classical head locking screw systems. The cyclic tests, the fatigue tests, and the crash tests all came to the same result. Both the elastic and the rigid qualities are comparable, even if the design of plates and screws is completely different.
In the cyclic stress tests the rigidity was similar in both groups. The plastic deformation amounted to a maximum of 13% of the pressure deformation, confirming the comparability of elastic moments in both groups. Because the plates were of different thicknesses the rigidity was not equal, and this moment must be linked to the fixed angle blockade of polyaxial screws. Particularly, the individual analysis validates the assumption that locking by compression force of the caps (based on friction), must allow a certain degree of elasticity. The experimental work of Wilkens et al., comparing conventional with locking screws under a load to failure of 1650 N, indicates that locking systems by friction are sufficient [20] .
The fracture model, lacking a medial hinge, is similar to the models used in published biomechanical studies [5, 6, 8] . The realistic breakup criteria of screw cut-out of the head and medial gap closure by pitching in the varus direction reinforce this model.
That the impact of weakening of the head by osteoporosis may not be simulated, remains a problem of the fracture model. When using polyaxial screws, the surgeon may avoid incorrect screw placement into the damaged substance by free direction of the screws and manual control prior to final blockade. This phenomenon cannot be subject to biomechanical testing, but is a major advantage in clinical use.
Yet unsolved is the question as to which bone to use for biomechanical testing. Our study was performed on formalin fixed bone, due to better availability. Some authors found it equal to the quality of fresh frozen bone [22] . On the other hand animal studies have revealed disadvantages [17, 21] . There is no obvious solution for the human model yet. The unrealistically high pressure forces (considering the advanced age of the donors) in the crash tests seem to be due to a sclerosis of the formalin fixed bone. The bone obviously appears to stiffen slightly during formalin fixation.
Conclusion
Polyaxial fixed angle locking systems represent a significant innovation for modern trauma surgery. Their use as a hybrid system combines advantages of the conventional techniques with angular stability. Free screw positioning with subchondral placement, three dimensional support and manual control allow metaphyseal and intraarticular fracture care, as well as periprosthetic fracture reduction. In detailed biomechanical testing the necessary rigidity and elastic characteristics of these plate systems have been proven.
